Background: Cyclophosphamide is the most widely used alkylating agent in the treatment of haematological malignancies. On the other hand, cyclophosphamide has adverse effects on the fertility of both sexes. Aim of the work: The present work was done to study the histological and stereological changes in the developing ovary of the albino rat after a period of treatment with cyclophosphamide and the effect of rehabilitation after stopping the drug. Materials and Methods: Thirty-six immature female rats (newborn, one week, two weeks, oneand-half month and two-and-half month) were used in this study. They were subdivided into two groups. The control group (n=24) was injected intraperitoneally with dextrose 5%. The experimental group (n= 12) at the age of two weeks, received 100mg/ kg body weight cyclophosphamide intraperitoneally once weekly for four successive weeks. At the end of the treatment period this group was subdivided into two subgroups: subgroup A (treated group) including the rats at the age of one-andhalf month and subgroup B (rehabilitated group) including the rats at the age of two-and-half month which received the same drug regimen, but sacrificed after another four weeks without treatment. The specimens of all age groups were processed and stained with Heamatoxylin and Eosin. Other specimens at the age of one-and-half month were processed for semi-thin and ultra-thin examination. In the two age groups (control and treated) morphometeric measurements were performed. Results: The study showed shrinkage with decrease in the number and the size of the antral follicles, apoptosis and disorganization in the granulosa cell layers. Ultrastucturally, the most important feature observed was the fragmentation and leakage of the cellular nuclear materials of the granulosa cells and their clumping in the antrum. Morphometeric measurements showed a very highly significant reduction in the average follicular and oocytic diameter of the antral follicles and in the number of the healthy antral follicles while there was high significant reduction in the number of atretic antral follicles. In the rehabilitated group the follicles were less affected. Oocytes were affected in both groups; they were either vacuolated or totally absent. Morphometeric measurements showed highly significant reduction of the average oocytic diameter and in the average number of the granulosa cell layers.
INTRODUCTION
Cyclophosphamide is an alkylating agent and of nitrogen mustard derivative that reacts with strong oxidizing agents. It is the most widely used alkylating agent in the treatment of haematological malignancies and a variety of solid tumors (Demire et al., 1996-a,b; Rao et al., 2005 ).
Cyclophosphamide's therapeutic mechanism of action is to induce DNA damage (Coppola & Ghibelli, 2000) . It works through the covalent bonding of the highly reactive alkyl groups of nucleic acids (Brock et al., 1988; Rooseboom et al., 2004) . By this way, cyclophosphamide prevents cell division primarily by cross-linking the DNA strands (Ross, 1962; Colvin et al., 1976; Chabner et al., 2006 ) that result in inhibition of DNA synthesis and cell death (Tew et al., 1996) .
Cyclophosphamide may be used alone or with other anticancer drugs to treat malignant lymphoma, multiple myeloma, leukemia, nonHodgkin's lymphoma, Burkitt's lymphoma, carcinoma of the lung, breast, cervix and ovary, mycosis fungoides and neuroblastoma (Chabner et al., 2006) . It is also used as an immunosuppressive agent following organ transplant or to treat autoimmune disorders as nephrotic syndrome in children (Chabner et al., 2001 ).
On the other hand, cyclophosphamide has adverse effects on the fertility of both sexes. In females, the rate of amenorrhea following the chemotherapy varies based on the age (Meirow et al., 2001) . Cyclophosphamide exposure prevents folliculogenesis by causing anovulation and results in infertility (Ray & Potu, 2010) . Moreover, toxicity can occur through impairment of the follicular maturation and/or depletion of the follicles (Bines et al., 1996; Blumenfeld, 2002) .
The aim of this work was to study the morphological and stereological effects of cyclophosphamide on the ovary of the immature albino rat and the ovarian rehabilitation after the withdrawal of this drug.
MATERIALS AND METHODS
In this study, a total number of 36 immature female albino rats were used. The animals were divided into two groups, the control (n= 24) and the experimental (n= 12). They were obtained from the animal house of Assiut University. Animals were maintained under normal conditions, with free access to food and water in the normal daily light and darkness cycle. The control group included: newborn, one week, two weeks, one-and-half month, twoand-half month old rats. While in the experimental group, animals at the age of two weeks were weighted and received cyclophosphamide dissolved in dextrose 5% intraperitoneally, in a dose equals to 100mg/ kg body weight once weekly for four successive weeks (Velez et al., 1989) . At the end of the treatment period the experimental group was subdivided into subgroup A (treated group) including the rats at the age of one-and-half month which sacrificed immediately and subgroup B (rehabilitated group) including the rats at the age of two-and-half month which left for another four successive weeks without treatment then sacrificed.
For light microscopic study, specimens of the two groups (control and experimental) were fixed in Bouin's fluid, dehydrated in ascending grades of alcohol, cleared, embedded in paraffin and serially sectioned (8µm). Sections were stained with haematoxylin and eosin (Drury & Walington, 1980) . Ultrastructural study of the ovary from rats at the age of one-and-half month (4 control and 4 treated animals), were done through the preparation of semithin sections ( stained with toluidine blue ) and ultrathin sections stained with uranyl acetate, lead citrate, examined and photographed by Jeol-JEM-100 CXII electron microscopy.
In the two age groups (1.5 and 2.5 month), the following parameters were determined from paraffin sections of the tested groups of animals (per an area of 315.9 x 234.7 µm) using image analysis system (Leica Q500): the number of the antral and preovulatoy ovarian follicles (healthy and atretic), the mean diameter of ovarian follicles (antral and preovulatory), the average number of granulosa cell layers in antral, pre-ovulatory follicles and the mean diameter of oocytes.
Statistical analysis of the data was done using the student t-test and the data expressed in means±standard deviation.
RESULTS

Newborn control rat:
In control animals, ovarian sections showed only large number of primordial follicles ( fig. 1 ), each consisted of an immature ovum (the primary oocyte) containing large vesicular nucleus which was slightly eccentric with one or two prominent nucleoli. A single layer of flattened epithelial (follicular) cells was surrounding the oocytes. The follicles lay within a dense cortical stroma.
One-week-old control rat: In control animals, the ovary of this age group showed the appearance of more developed type of follicles, the primary follicles ( fig. 2) . The follicles and the oocytes with their nuclei increased in size. The follicular epithelium here changed into a single layer of cuboidal follicular cells. Some follicles started to be rounded by a stromal capsule called theca folliculi. Some primordial follicles inbetween the primary ones were still present.
Two-week-old control rat:
In control animals, ovarian sections showed the appearance of growing follicles at variable stages of development ( fig. 3) , active in mitosis. The primordial follicles were held aside in the peripheral cortical zone underneath the germinal epithelium. A 3 rd type of follicles, the secondary follicles or pre-antral follicles ( fig. 4) were observed, in addition to the previous types. They were more developed in size and structure. The follicular cells became columnar, the follicular layer instead of being a single layer became more stratified or multilaminar, forming what is called the stratum granulosum. The surrounding theca folliculi became well apparent. The oocyte increased in size and became surrounded by thin membrane, the vitelline membrane. Their nuclei increased in size and some showed dispersed chromatin.
One-and-half month old rat: In control animals, the ovary became differentiated into peripheral cortical and central medullary zones (fig. 5 ). The follicles were mainly located into the cortical region. They included the previous three types with much larger pre-antral follicles. The medulla was consisted of connective tissue stroma containing many dilated blood vessels. Atretic follicles were mainly located in the medulla. In some sections the pre-antral follicles increased in size with more granulosa cell layers. The oocytes also increased in size with thick and dispersed nuclear chromatin. They also became surrounded by a well developed vitelline membrane. The vitelline membrane was separated from the stratum granulosum by a potential space called the perivitelline space. At this stage some intercellular spaces were observed ( fig. 6) . A larger type of follicles was shown called, the antral or tertiary follicles ( fig. 7) where the intercellular spaces became confluent to form a single cavity, the antrum. As a result, the granulosa cells became separated. Those which encircled the oocyte forming the corona radiata, while the rest became condensed against the basement membrane. Increased thickness of the theca folliculi was also observed.
In cyclophosphamide-treated animals, the ovarian follicles became haphazardly distributed and their size decreased and became atretic and shrunken follicles ( fig. 8 ). The follicular wall in some follicles became atonic, thus they became attenuated, triangular in shape and disfigured due to compression by neighboring follicles. Marked reduction in the granulosa cell layers and slight thickening of the theca folliculi were observed ( fig. 9 ). Some granulosa cells showed fragmentation and leakage of its contents forming cellular debris while others showed increase in size. Apoptotic granulosa cells were noticed. The oocytes in most of the follicles were affected; where they appeared vacuolated with discontinuity of the vitelline membranes in some areas (figs. 9, 10). Other oocytes were completely absent.
Semi-thin sections of the control animals showed some antral and pre-antral follicles resting on their basement membranes (basal lamina) which separated them from the theca and ovarian stroma. Some atretic follicles were found within the stroma ( fig. 11 ). In some antral follicles, the granulosa cells surrounding the zona pellucida became cuboidal forming the corona radiata ( fig. 12 ).
Semi-thin sections of cyclophosphamidetreated animals showed large number of atretic follicles at an advanced stage of atresia with large number of lipid droplets in-between the shrunken granulosa cells ( fig. 13) . In some follicles, the phagocytic cells were absent and the degenerated cells appeared to be phagocytosed by the neighboring healthier ones. Others were apparently healthy, but they contained in the antrum, large number of apoptotic cells which were engulfed by the phagocytic cells ( fig. 14) .
Ultra-thin sections of the granulose cells of the control animals showed large euchromatic nuclei limited by regular nuclear membrane with one or more nucleoli (figs. 15, 16) . Their cytoplasm showed lightly-stained oval or rounded mitochondria, well-developed Golgi complexes with well-organized piles, intact rough endoplasmic reticulum and free ribosomes. The granulosa cells were rested on an intact basement membrane ( fig. 16 ) and on the zona pellucida on the other side through which it sent its granulosa processes ( fig. 16 ). Moreover, the zona contained the microvilli of the oocyte and the processes of the granulosa cells (figs. 15, 16). The oocytic cytoplasm contained the same organelles found in granulosal cytoplasm in addition to a variable sized lamellae (cytoplasmic rays) ( fig. 17 ).
Ultra-thin sections of cyclophosphamide treated animals showed pyknotic and very darkly stained granulosa cells with fragmentation of nuclear and cytoplasmic contents and their leakage through the destructed nuclear and the cytoplasmic membranes respectively ( fig. 18 ). These materials became clumped with each other in the antrum. Granulosa cell processes became retracted or lost from the zona pellucida ( fig. 19 ). At the same time, microvilli of the oocyte had also become fewer in number, with most of them terminating just inside the zona pellucida surface. Remnants of the granulosal cytoplasmic organelles were present (figs. 18, 20). They became more randomly distributed throughout the cytoplasm. The rough endoplasmic reticulum became lost, un-identifiable or dilated. Secondary lysosomes containing cellular debris, apoptoic cells and vacuolated rarefied cytoplasm were present in some areas. The basement membrane appeared thicker than that of the control group. The mitochondria became dilated with destructed cristae ( fig. 20 ).
The oocytic organelles became scanty and haphazard in distribution. The mitochondria appeared electron-dense or showed destructed cristae.The fibril lamellae became scanty and widely separated. The piles of the Golgi apparatus became electron-dense, haphazard and dilated. Some cytoplasmic vacuoles were also present ( fig. 21 ).
Two-and-half month old rat:
In control animals, this age group showed mainly huge-sized follicles, the mature Graafian follicles (the pre-ovulatory follicles). These follicles were characterized by large amount of follicular fluid, the liquor folliculi which distended the antrum ( fig. 22 ). Their oocyte with its surrounding well-formed corona radiata became eccentric in position. The oocyte and the corona were mound on a group of granulosa cells, the cumulus oophorus. The stratum granulosum formed continuous layers around the antral cavity. The theca folliculi was markedly thickened and became differentiated into theca interna which contained polyhedral cells, theca externa which contained fusiform cells (the fibroblasts) and collagenous fibers. The boundary between the two layers was somewhat indistinct (fig. 22 ).
Rehabilitated group:
In this group the follicles were less affected. There was resumption of the normal number and order of granulosa cell layers and normal thickness of the theca layer. Apoptosis was apparent in some follicles and absent in others ( fig. 23 ). Cysts were observed in some follicles with discontinuation of the theca, granulosa layers and vacuolation of oocytes ( fig. 24) . Discontinuity of the basal lamina with leakage of the liquor folliculi in the interstitial tissue was observed in some follicles ( fig. 25 ). The zona pellucida contains microvilli (mv) and granulosa cell processes (arrowheads). Notice part of the oocyte's cytoplasm (cyt) with mitochondria (m), Golgi (G) and dense particles (dp). dX 5,000 , Golgi (G), ribosomes (r), variable sized fibril lamellae, small (sl), medium sized (ml) and large (ll) and some dense particles (dp). X 8,000 
MORPHOMETERY: Table
The morphometeric measurements were conducted into two age groups, the one-andhalf and two-and-half months in an area of 315.9x234.7 µm.
DISCUSSION
There is close similarity between the human and the rat ovary in shape, histological structure, embryogenesis and physiology, but they differ in the size, the site and the onset of puberty.
Development of the rat ovary:
In the present work the ovary of the newborn rat showed only primordial follicles, each of which consisted of an immature ovum (the primary oocyte) and a single layer of flattened epithelial (follicular) cells. These findings are in line with those of Mattison and Schulman (1980) , Richards (1980) , Roy and Greenwald (1985) and Hirshfield (1991) .
The ovary of the one-week-old rat showed the appearance of primary follicles where the oocytes and their nuclei became larger in size and their follicular epithelium became cuboidal. At the age of two weeks, the secondary or pre-antral follicles were evident where the follicles became more developed in size and structure. The follicular layer became multi-laminar. The oocytes increased in size and became surrounded by the vitelline membrane. Boubekri et al. (2007) described the same findings but they added that the zona pellucida appeared with the primary follicles and became well developed by the formation secondary follicles.
At one-and-half month aged rats, the ovary showed differentiation into outer cortical zone which consisted mainly of follicles at variable stages of development and inner medullary zone consisting mainly of connective tissue. The same findings were found by Leeson et al. (1988) who added that there was no sharp demarcation between the two zones and that the vascular connective tissue core consisted of numerous blood vessels, lymphatics and nerves. The present work showed the development of the pre-antral follicles at this age through formation of more granulosa cell layers, the increased size of oocytes that became surrounded by a well developed vitelline membrane and perivitelline space and separated from the granulosa layer by zona pellucida. Intercellular spaces had started to appear in some follicles and to become confluent to form the antrum. These results confirm previous studies done by Richards (1980) , Hirshfied (1991) and Boubekr et al. (2007) .
At the age of two-and-half month-old albino rat, mature Graffian follicles (the pre-ovulatory follicles) were characterized by huge size and large amount of follicular fluid. The theca folliculi were markedly thickened and differentiated into theca interna and theca externa. These results are in accordance with that of Boubekri et al. (2007) who also observed that the large healthy antral follicles developed into maturing follicles to form pre-ovulatory follicles.
Effect of cyclophosphamide:
Cyclophosphamide is a commonly used cyototoxic drug (Calabresi & Parks, 1980) . Its usage is not limited to malignant conditions, but has been extended towards some non-malignant conditions (Waxman, 1983; Chabner et al., 2006 ). In the current study, cyclophosphamide was administered at a dose of 100 mg/kg once weekly for four successive weeks because sometimes it is clinically administered in such high dose to achieve maximal therapeutic effect (Chabner et al., 2006) . Also, this dose was based on other studies (Jarrell, et al., 1987; Ataya et al., 1989) . Immature female rats (2 weeks) were used in this study, as the start of drug therapy, because it is the age of formation and development of the growing follicles and the formation of granulosa cells that are mainly targeted by the drug (Burkl & Schiechl, 1978; Shiromizu et al., 1984; Plowchalk & Mattison, 1991 , 1992 Davis & Heindel, 1998) .
Histological and morphometeric studies of one-and-half month-old treated rats
Ovarian follicles and granulosa cells:
In the present work there was reduction in the size and number of healthy antral follicles, their mean diameters and their number in comparison to those of the control group. These results are in agreement with those of Shiromizu et al. (1984 ), Goebelsmann (1986 , Ataya et al. (1989) and Ataya et al. (1990) who observed that the effect of cyclophosphamide on the ovary was mainly through the rapid pooling of the follicles to the growing stage. This could be explained on the basis that cyclophosphamide destroys the developing follicles by attacking the dividing granulosa cells thus reducing estradiol secretion and inhibin production from the ovary. This leads to an increase in pituitary gonadotrophin release. All of this enhanced the further recruitment of follicles into the pool of maturing follicles that made them more vulnerable to cytotoxic effects of cyclophosphamide than resting small follicles. This resulted in vicious cycle of accelerated atresia and premature depletion of ovarian follicles. This result is supported by the fact that the number of germ cells was limited, fixed since fetal life, and gradually declined with age (Meirow et al., 2001 ).
The present work suggested that cyclophosphamide targeted specifically the granulosa cells causing their enlargement due to increase in their nuclear size in comparison to the control. This coincides with the results of the study performed by Meyn and Murray (1986) that attributed this increase in the nuclear size to the accumulation of DNA that might be due to cross linkage of DNA by the alkyl group of the drug.
In this study it was found that the drug affected the healthy antral follicles rather than the atretic follicles as seen by very high significant reduction in the average number of the healthy antral follicle. Moreover, there was a high significant increase in the number of the atretic antral follicles after treatment in comparison to control. In addition, there was reduction in the size of antral follicles as noticed by reduction in their average diameter in comparison to the control. Jarrell et al. (1987) also noted that the main effect of cyclophosphamide was on the number and the average diameters of healthy antral follicles and no significant effect was noticed on the number and average diameters of primordial and pre-antral follicles. Burkl and Schiechl (1978) observed that secondary and antral follicles specifically disappeared after short period of treatment with cyclophosphamide.
In this study, the number of granulosa cell layers decreased and became markedly disorganized probably due to destruction caused by apoptosis with leakage of the cellular material in the antrum. These results are concomitant with Burkl and Schiechl (1978) . Lopez and Luderer (2004) investigated the mechanism of destruction of granulosa cells by cyclophosphamide in rats and they concluded that it was due to the induction of apoptosis. Tsai-Turton et al. (2007) provided an explanation to the mechanism of apoptosis and attributed it to the oxidative stress induced by glutathione depletion.
Oocytes:
The current study showed vacuolated and degenerated oocytes. In some follicles the oocytes were completely absent which was a sign of advanced atresia. Lopez and Luderer (2004) as well as Desmeules and Devine (2006) found that cyclophosphamide appeared to target the oocytes for apoptotic destruction in primordial and small primary follicles, whereas in larger follicles, it induced granulosa cell apoptosis followed by death of the oocyte. Gougeon (1996) and Abir et al. (2001) observed that when follicles were damaged by direct cytotoxicity of cyclophosphamide to the granulosa cell layers, the oocyte could not remain viable which lead to follicular loss.
Semi-thin sections of the treated group in the present study showed that there were large numbers of atretic follicles with darkly stained shrunken pyknotic granulosa cells indicating apoptosis. Their oocytes became shrunken indicating an advanced stage of atresia. The interstitial tissue appeared thicker in comparison to the control. Some follicles contained in the antrum some apoptotic cells which were phagocytosed by the phagocytic cells. Other follicles showed absence of phagocytic cells and the apoptotic granulosa cells appeared to be phagocytosed by neighboring healthier ones. Gaytan et al. (1998) showed that the presence of advanced atretic follicles lead to the appearance of secondary interstitial tissue from the day 25-30 of life, thus it became thicker.
Electron microscopic results:
Electron microscopic study of treated ovaries showed pyknotic, shrunken and electron-dense granulosa cell. Some showed fragmentation of nuclear and cytoplasmic contents and their leakage through the destructed membranes. These findings suggested signs of granulosa cells atresia and are in accordance with those observed by Devine et al. (2000) . Wyllie et al. (1980) , Payne et al. (1995) , Hsueh et al. (1996) and Tilly (1998) explained that the underlying mechanism of ovarian atresia was apoptosis.
Tilly (1996) noticed shrinkage of the granulosa cells and condensation of the chromatin into dense masses which were signs for degeneration. Moore (1991) put an explanation to the cause of the cell death, that cyclophosphamide underwent hepatic transformation to form an active metabolite, phospharamide mustard. This agent irreversibly bound to a nucleophilic site, especially to DNA. The DNA strands then broke and could not be further synthesized, leading to cell death.
The present study revealed that both granulosa cell processes and the oocytic microvilli appeared to be retracted and became fewer or lost from the zona pellucida in comparison to the control. This could be an early sign of degeneration as this was expected to occur physiologically at an older age (at the time of the initiation of the formation of the first polar body within the ovary) according to Sotelo and Porter (1959) . Devine et al. (2000) noticed the same results and they explained them on the basis that oocytes were removed by physiological cell death rather than by apoptosis. Thus, their affection was slow and delayed in comparison to that of the granulosa cells.
The present work showed remnants of some cytoplasmic organelles of the granulosa cells with dilated and destructed rough endoplasmic reticulum, swollen mitochondria with destruction of their cristae. The suggested causes of mitochondrial apoptotic pathway were initiated either by damaging stimuli such as oxidative stress (Berrigan et al., 1987; Venkatesan & Chandrakasan, 1995; Murata et al., 2004) or DNA damage by DNA alkylation (Gamcsik et al., 1999; Coppola & Ghibelli, 2000) . While the oocytic organelles became scanty and haphazard in distribution, the mitochondria were either showing destructed cristae or appeared electron-dense (late sign of atretic oocyte). The Golgi apparatus became also, electron-dense and abnormal. Moreover, the basement membrane appeared thicker than that of the control group. These results are in accordance with those of Devine et al. (2000) . They also, reported that granulosa organelles suffering from the above changes were in their early stages of atresia. In advanced stage, the cytoplasmic organelles of granulosa cells were difficult to identify and the cell became pyknotic, darkly stained and then completely lost. They added an explanation that apoptosis is an active process thought to protect the rest of the healthy dividing cells from an aberrant cells.
At the same time, Familiari et al. (1993) and Abir et al. (2001) observed an increase in the vacuoles and lipid droplets in occytes and granulosa cells in addition to abnormally thick basement membrane. They suggested that this was due to deterioration in follicular health. However, Marcello et al. (1990) attributed the thickening of the basement membrane to physiological transition from the primary to secondary follicles and not due to the effect of the drug.
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